To understand molecular mechanisms that regulate the intricate and dynamic organization of the endosomal compartment, it is important to establish the morphology, molecular composition, and functions of the different organelles involved in endosomal trafficking. Syntaxins and vesicleassociated membrane protein (VAMP) families, also known as soluble N-ethylmaleimide-sensitive factor (NSF) attachment protein receptors (SNAREs), have been implicated in mediating membrane fusion and may play a role in determining the specificity of vesicular trafficking. Although several SNAREs, including VAMP3/cellubrevin, VAMP8/endobrevin, syntaxin 13, and syntaxin 7, have been localized to the endosomal membranes, their precise localization, biochemical interactions, and function remain unclear. Furthermore, little is known about SNAREs involved in lysosomal trafficking. So far, only one SNARE, VAMP7, has been localized to late endosomes (LEs), where it is proposed to mediate trafficking of epidermal growth factor receptor to LEs and lysosomes. Here we characterize the localization and function of two additional endosomal syntaxins, syntaxins 7 and 8, and propose that they mediate distinct steps of endosomal protein trafficking. Both syntaxins are found in SNARE complexes that are dissociated by ␣-soluble NSF attachment protein and NSF. Syntaxin 7 is mainly localized to vacuolar early endosomes (EEs) and may be involved in protein trafficking from the plasma membrane to the EE as well as in homotypic fusion of endocytic organelles. In contrast, syntaxin 8 is likely to function in clathrinindependent vesicular transport and membrane fusion events necessary for protein transport from EEs to LEs.
INTRODUCTION
Eukaryotic cells use membranes to compartmentalize biological functions and as a selective barrier to isolate the interior of the cell from the surrounding environment. As part of the mechanism for establishing and maintaining homeostasis, cells sample the outside world through continuous endocytosis of the plasma membrane (PM). Cells face the challenge of sorting and transporting endocytosed molecules to the appropriate organelles. For example, ligands of surface receptors are often transported to lysosomes for degradation, whereas complex arrays of PM proteins are recycled back to the cell surface. Membrane trafficking decisions and the sorting of endocytosed proteins take place, at least in part, within early endosomes (EEs), also known as sorting endosomes (Helenius et al., 1983; Mayor et al., 1993) . EEs comprise endosomal vacuoles that are continuous with a highly dynamic tubulovesicular network (Mellman, 1996) . From the EE most membrane proteins are rapidly recycled back to the PM, whereas soluble proteins preferentially stay in the lumen and proceed toward the lysosome. The recycling of proteins from EEs involves generation and scission of the long tubular extensions. These tubules are also known as recycling endosomes (REs), because they lack late endosomal and lysosomal markers and are enriched in recycling † These authors contributed equally to this work. § Corresponding author. E-mail address: scheller@cmgm.stanford.edu. Abbreviations used: AP, adaptor protein; ATP␥S, adenosine 5Ј-O-(thiotriphosphate); BFA, brefeldin A; CHO, Chinese hamster ovary; DMEM, Dulbecco's modified Eagle's medium; EE, early endosome; EGF, epidermal growth factor; EGFR, EGF receptor; ER, endoplasmic reticulum; GFP, green fluorescent protein; Ig, immunoglobulin; LE, late endosome; NRK, normal rat kidney; NSF, N-ethylmaleimide-sensitive factor; PM, plasma membrane; PNS, postnuclear supernatant; RE, recycling endosome; SNAP, soluble NSF attachement protein; SLO, streptolysin O; SNAP-25, synaptosomal-associated protein of 25 kDa; SNARE, soluble NSF attachement protein receptor; Tf, transferrin; TfR, transferrin receptor; TGN, trans-Golgi network; TxR, Texas Red; VAMP, vesicle-associated membrane protein.
membrane proteins (Hopkins, 1983; Hopkins and Trowbridge, 1983; Gruenberg and Maxfield, 1995) .
A primary sorting mechanism in EEs seems to be, at least in part, due to the differences in surface-to-volume ratio in the distinct subcompartments, resulting in retention of the soluble contents in endosomal vacuoles and accumulation of membrane proteins in tubular extensions (Mellman, 1996) . For instance, the return of fluorescent sphingolipid analogues to the PM occurs with kinetics indistinguishable from the kinetics of transferrin receptor (TfR) recycling (Mayor et al., 1993) . Moreover, the rapid recycling of mutant TfR lacking a cytosolic domain (Marsh et al., 1995) suggests that membrane proteins follow the recycling pathway defined by membrane lipids in a signal-independent manner. However, the existence of additional clathrin-dependent sorting pathways that mediate the PM recycling of membrane proteins cannot be excluded.
The transport of proteins from EEs to lysosomes remains poorly understood. One model suggests that endosomal carrier vesicles bud from EEs and deliver a subset of proteins to late endosomes (LEs) or lysosomes (Gruenberg et al., 1989 ). An alternative model suggests that EEs mature into LEs by losing EE characteristics, such as recycling proteins like TfR, but at the same time acquire characteristics of lysosomes, such as the presence of active acid hydrolases (Stoorvogel et al., 1991; Futter et al., 1996) . A further complication in understanding lysosomal transport is the difficulty of defining the lysosomal compartment. Indeed, although it is clear that lysosomes have a distinct protein composition, many lysosomal proteins are delivered from the endosomes and can therefore be found in EEs, LEs, as well as mature lysosomes (Kornfield and Mellman, 1989) .
Understanding the intricate and dynamic organization of the endosomal compartment is based on the ability to establish relationships among the morphological, biochemical, and functional definitions of the different organelles involved in endosomal trafficking. In recent years a set of proteins has emerged whose role is to mediate and regulate membrane fusion events. Syntaxins and vesicle-associated membrane protein (VAMP/synaptobrevin) families, also known as soluble N-ethylmaleimide-sensitive factor attachment protein receptors (SNAREs), have been implicated in mediating membrane fusion and may play a role in determining specificity of vesicular trafficking Sollner et al., 1993b) . Membrane fusion has been proposed to be mediated by the formation of very stable core complexes, comprising four ␣-helices. In the ternary synaptic complex, the PM syntaxin (qSNARE) contributes one ␣-helix, centered on a glutamate residue, whereas the vesicle protein VAMP (rSNARE) provides another helical domain, centered on an arginine residue (Sutton et al., 1998) . The remaining two helices are contributed by the PM synaptosomal-associated protein of 25 kDa and are also centered on glutamate residues (Sutton et al., 1998) . A key feature of the SNARE hypothesis is that a qSNARE interacts with an appropriate rSNARE to form an organelle-specific docking complex, which ensures that transport vesicles fuse only with appropriate acceptor membranes (Sollner et al., 1993b) . Although recent evidence in vitro has questioned the ability of rSNARE-qSNARE interactions to determine membrane fusion specificity (Fasshauer et al., 1999; Yang et al., 1999) , it has become apparent that specific SNAREs localize to distinct subcellular compartments, suggesting that SNARE interactions with other modulatory proteins may in fact regulate organelle transport and fusion.
Several SNAREs, including VAMP3/cellubrevin, VAMP8/ endobrevin, syntaxin 13, and syntaxin 7, have been localized to the endosomal membranes (McMahon et al., 1993; Advani et al., 1998; Prekeris et al., 1998; Wong et al., 1998a,b) . Syntaxin 13 is mainly found in REs and tubular extensions of EEs, where it mediates the PM recycling of TfR, presumably through binding to VAMP3/cellubrevin . In agreement with this, previous studies have also demonstrated that VAMP3/cellubrevin is necessary for the efficient TfR trafficking to the PM (Galli et al., 1994) . However, the localization, biochemical interactions, and function of the other endosomal SNAREs remain unclear. Furthermore, little is known about SNAREs involved in lysosomal trafficking. So far, only one SNARE, VAMP7, has been localized to LEs, where it is proposed to mediate trafficking of epidermal growth factor receptor (EGFR) to LEs and lysosomes (Advani et al., 1998 .
If each distinct trafficking step requires a specific subset of VAMP and syntaxin proteins, many SNAREs would be expected to be involved in endosomal and lysosomal trafficking. Here we characterize the localization and function of two additional endosomal syntaxins that are involved in distinct steps of protein trafficking. Syntaxin 7 is mainly localized in vacuolar EEs and may be involved in protein trafficking from the PM to the EE. In contrast, syntaxin 8 is likely to function in vesicular transport and membrane fusion events necessary for protein transport from EEs to LEs.
MATERIALS AND METHODS

Materials and Antibodies
Cell culture reagents were obtained from Life Technologies (Gaithesburg, MD) unless otherwise specified. Texas Red (TxR)-labeled transferrin and FITC-labeled EGF were purchased from Molecular Probes (Eugene, OR). Enhanced chemiluminescence reagents were obtained from Amersham (Buckinghamshire, England). Human diferric 125 I-transferrin and 125 I-EGF were obtained from DuPont NEN (Wilmington, DE) . Miscellaneous chemicals were obtained from Sigma (St. Louis, MO) and Fisher Biochemicals (Santa Clara, CA).
Anti-syntaxin 7 and anti-syntaxin 8 antibodies were prepared by immunization with bacterially expressed full-length cytoplasmic domain of syntaxin 7 and H3 domain of syntaxin 8 (aa 141-216). Polyclonal antibodies were then affinity purified from rabbit antisera as described previously . Anti-VAMP 7 monoclonal and anti-syntaxin 13 polyclonal antibodies were described previously Advani et al., 1999) . Mouse anti-TfR antibodies were purchased from Zymed Laboratories (South San Francisco, CA). Mouse monoclonal anti-LAMP1 antibody was obtained from PharMingen (San Diego, CA). TxR-and Cy5-labeled anti-rabbit immunoglobulin G (IgG) and FITC-labeled anti-mouse IgG antibodies were obtained from Jackson Immuno Research (West Grove, PA). Mouse monoclonal anti-clathrin heavy chain antibody was obtained from Transduction laboratories (Lexington, KY).
Cell Culture and Immunofluorescence Microscopy
HeLa, Chinese hamster ovary (CHO), normal rat kidney (NRK), and NIH3T3 cells were grown in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% FCS, 100 U/ml penicillin, and 100 g/ml streptomycin in humidified incubators with 5% CO 2 at 37°C.
Jurkat cells were grown in RPMI 1640 media containing 10% FCS, 100 U/ml penicilin, 100 g/ml streptomycin, and 50 M ␤-mercaptoethanol. Before each internalization experiment cells were incubated for 1 h in internalization media, consisting of DMEM with 50 mM HEPES, pH 7.4, and 3% BSA. Labeled transferrin or EGF was then added at a concentration of 60 or 1 g/ml, respectively, and incubated as described in RESULTS. Cells were then chilled on ice, washed extensively with ice-cold PBS, and processed for immunofluorescence analysis. For pulse-chase experiments, after a PBS wash cells were overlaid with internalization media containing unlabeled transferrin or EGF and incubated at 37°C as described in RESULTS. Cells were then washed again with ice-cold PBS and processed for immunofluorescence or velocity centrifugation.
For immunofluorescence microscopy low-density NIH3T3, HeLa, Cos7, and NRK cells were fixed with 4% paraformaldehyde for 30 min. Cells were then permeabilized in 0.4% saponin, and nonspecific sites were blocked with PBS containing 0.2% BSA, 0.4% saponin, and 1% goat serum. Antisera were used at the following dilutions: anti-syntaxin 7 polyclonal antibody at 1 g/ml; anti-syntaxin 8 polyclonal antibody at 1 g/ml; anti-TfR monoclonal antibody at 1 g/ml; and anti-syntaxin 6 monoclonal antibody at 2 g/ml. FITC-labeled anti-mouse IgG and TxR-labeled anti-rabbit IgG were used at 7.5 g/ml. After washes samples were mounted in VectaShield (Vector Laboratories, Burlingame, CA). Immunofluorescence localization was performed on NRK, Cos7, NIH3T3, and HeLa cells using a Molecular Dynamics laser confocal imaging system (Beckman Center Imaging Facility, Stanford University).
Glycerol Velocity Gradients
Four 100-mm plates of either CHO or HeLa cells were homogenized in 20 mM HEPES, pH 7.4, containing 120 mM KCl, 2 mM EDTA, 2 mM EGTA, 1 mM DTT, 0.1 mM PMSF, 2 g/ml leupeptin, 4 g/ml aprotonin, and 0.8 g/ml pepstatin, using a glass-Teflon homogenizer. Postnuclear supernatant (PNS) was obtained by centrifuging the homogenate at 2000 ϫ g for 10 min twice. PNS was then extracted with 1% Triton X-100, and insoluble material was sedimented at 100,000 ϫ g for 1 h. Glycerol gradients were prepared as described previously . Samples were either control membrane extracts (see above) or extracts preincubated for 30 min with 250 g/ml histidine-tagged N-ethylmaleimide-sensitive factor (NSF) and histidine-tagged ␣-soluble N-ethylmaleimidesensitive factor attachement protein (␣-SNAP), and either 500 M adenosine 5Ј-O-(thiotriphosphate) (ATP␥S) or 500 M ATP with 8 mM MgCl 2 .
Uptake of Anti-Green Fluorescent Protein (GFP) Antibodies
NRK cells were transiently transfected with syntaxin 7-GFP, syntaxin 13-GFP, or rbet1-GFP fusion proteins. Twenty-four hours after transfection cells were incubated with DMEM containing 10% FBS, 10 g/ml cyclohexamide, and 5 g/ml polyclonal rabbit anti-GFP antibody for varying amounts of time. Cells were then washed and chased for 15 min with DMEM containing 10% FBS. To determine the efficiency of anti-GFP uptake, cells were fixed and stained with anti-rabbit IgG conjugated to TxR and then imaged using confocal microscopy. To normalize for variations in fusion protein expression, the fluorescence intensity from the TxR fluoropore was divided by the fluorescence intensity of GFP. To measure the rate of antibody binding, cells were fixed, permeabilized with 0.4% saponin, and incubated for varying amounts of time with anti-GFP antibody before imaging with confocal microscopy.
In Vitro Trafficking of Tf and EGF in Streptolysin O (SLO)-permeabilized Cells
To measure EGF and Tf trafficking, we adopted with slight modifications the SLO-permeabilized cell system .
Briefly, HeLa cells were loaded with either I 125 -EGF or I 125 -Tf at 18°C for 1 h and then extensively washed to remove unbound EGF or Tf. Cells were then washed with KOAc(Ϫ) buffer (115 mM KOAc, 2.5 mM Mg(OAc) 2 , and 25 mM HEPES, pH 7.4) containing 1 mM DTT and 1% BSA, followed by incubation on ice for 10 min with KOAc(Ϫ) buffer containing 15 g/ml SLO (purchased from Dr. Sucharit Bhakdi, Johannes Gutenberg University, Mainz, Germany). The excess SLO was then removed by washing three times with KTM buffer [115 mM KoAc, 25 mM HEPES, pH 7.4, 2.5 mM Mg(KoAc) 2 , and 1 mg/ml BSA]. To initiate permeabilization, cells were incubated at 18°C for 30 min, followed by incubation on ice for another 30 min, and extensively washed with KTM buffer. Under these conditions almost 95% of cytosol is removed from permeabilized cells . Permeabilized cells were then resuspended in 0.5 ml of KTM buffer with or without 3 mg/ml rat brain cytosol. In all cases KTM buffer was supplemented with 0.5 mM ATP and an ATP regeneration system (80 mM creatine phosphate and 9 U/ml creatine kinase). EGF and Tf trafficking was induced by incubating samples at 37°C for 3 h. Under these conditions, EGF trafficking was restored to levels comparable with intact HeLa cells . Where indicated, permeabilized HeLa cells were preincubated for 1 h with control IgG or anti-syntaxin 6, 7, or 8 antibodies. After incubation at 37°C, KTM buffer was removed, and cells were solubilized with 0.5 ml of KTM buffer containing 2% Triton X-100 to determine the EGF or Tf remaining in the cell. The Triton X-100 extracts represent released EGF and Tf. To determine the amount of degraded EGF, the removed buffer was extracted with 10% trichloroacetic acid. The precipitate containing recycled intact EGF (Renfrew and Hubbard, 1991; Futter et al., 1996) was sedimented by centrifugation at 10,000 ϫ g for 15 min. Remaining soluble I 125 represents degraded EGF (Renfrew and Hubbard, 1991; Futter et al., 1996) . Unpublished data in our laboratory showed that similar trichloroacetic acid extraction of the buffer containing released I 125 -Tf resulted in complete sedimentation of all I 125 , in agreement with the data that Tf does not get targeted to the lysosomes for degradation. The amounts of degraded 125 I-EGF and recycled 125 I-Tf were determined by scintillation counting and expressed as percentage of total EGF or Tf (the sum of released and intracellular Tf or EGF for each sample).
The rat brain cytosol for EGF degradation and Tf recycling assays was prepared as described previously . Briefly, fresh rat brains were homogenized in 25 mM HEPES, pH 7.4, containing 115 mM potassium acetate, 2.5 mM Mg-acetate, 0.1 mM EGTA, 2 mM DTT, 4 g/ml aprotonin, and 0.8 g/ml pepstatin. This homogenate was then subjected to centrifugation at 10,000 ϫ g for 20 min, followed by centrifugating at 100,000 ϫ g for 45 min. Cytosol was then flash frozen in liquid nitrogen and stored at Ϫ80°C. The protein concentration was determined by the Bradford assay according to the manufacturer's instructions (Bio-Rad, Hercules, CA).
Immunogold Labeling of Ultrathin Cryosections
CHO, PC12, and Cos7 cells were prepared for ultrathin cryosections and immunogold labeling as described previously (Slot et al., 1991) . In short, cells were fixed in 2% paraformaldehyde and 0.2% glutaraldehyde in 0.1 M phosphate buffer for 2 h at room temperature and postfixed overnight at 4°C in 2% paraformaldehyde. Then cells were washed with 0.02 M glycine in PBS, scraped off the dish, and pelleted in 10% gelatin in PBS, which was solidified on ice and cut into small blocks. After overnight infiltration with 2.3 M sucrose at 4°C for cryoprotection, blocks were mounted on aluminum pins and frozen in liquid nitrogen. Ultrathin cryosections were picked up in a mixture of sucrose and methyl cellulose. Rabbit polyclonal antibody against syntaxin 7 was visualized by binding to protein Agold. To increase the immunostaining for syntaxin 8, an incubation step with swine anti-rabbit-IgG (Nordic Immnological Laboratories, Tilburg, The Netherlands) was performed after labeling with the primary rabbit polyclonal antibody. Mouse derived anti-TfR and
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To establish the distribution pattern of syntaxin 7 and syntaxin 8, areas of the grids were selected that contained cells exhibiting a good ultrastructure. At a magnification of 25,000ϫ these areas were scanned along a fixed track, and all gold particles within a distance of 30 nm from a membrane were counted as positive and assigned to the compartment over which they were located. For syntaxin 7 this procedure was performed in sections double immunolabeled for clathrin, and syntaxin 7-positive membranes were also scored for the presence of clathrin label. Syntaxin 8 labeled only weakly in double-labeled sections, and quantitations for this SNARE were therefore performed in single-labeled grids.
Quantitations were done in CHO (syntaxin 7) and PC12 (syntaxin 8) cells. The various compartments were defined by strict morphological criteria. Tubulovesicular membranes at the trans side of the Golgi or near endosomes were considered as trans-Golgi network (TGN) and endosome-associated tubulovesicles, respectively. Tubulovesicular membranes that were not associated with Golgi or endosomes were designated as tubulovesicles per se. A measure of the maturation stage of an endosomal vacuole is the number of vesicles enclosed (Geuze, 1998) . Thus, EEs, LEs, and lysosomes could therefore be defined by shape and content. EEs were elongated vacuoles positive for TfR with few internal vesicles. LEs were more globularly shaped and contained numerous internal vesicles. Lysosomes had an electron-dense content with occasional membrane remnants.
In CHO cells, a considerable percentage of syntaxin 7 label was found on PM-associated vesicles but not internal vesicles or tubular extensions. When the cells were incubated for 60 min at 37°C with BSA-gold conjugated to 5-nm colloidal gold (Slot et al., 1988) , these vesicles contained the tracer, which defined them as primary endocytic vesicles.
RESULTS
Syntaxin 7 and Syntaxin 8 Are Ubiquitously Expressed
Defining the expression patterns and localization of the various members of the syntaxin family is an important step in understanding the specific functions of these proteins. Since its initial characterization, syntaxin 7 has been suggested to reside in lysosomes and LEs (Wang et al., 1997) as well as EEs (Wong et al., 1998a) ; thus its localization remains controversial. To more fully analyze syntaxin 7 localization and function, we raised a polyclonal antibody against its cytosolic domain. After affinity purification, in Western blots the antibody recognized a major single band of ϳ39 kDa in HeLa cell PNS ( Figure 1A , first lane). The same size band was also detected in PNS of several cell lines tested ( Figure  1B ), in agreement with the earlier observation that syntaxin 7 is ubiquitously expressed (Wong et al., 1998a) . Despite the predicted mass of ϳ30 kDa, on SDS-PAGE syntaxin 7 runs as an apparent 39-kDa protein. Because syntaxin 7 is 53% identical to syntaxin 13, we tested our affinity-purified antibody for cross-reactivity between these proteins. This 39-kDa band was blocked by preincubating the antibody with 1 g/ml recombinant syntaxin 7 ( Figure 1A , second lane) but not by preincubating with 1 g/ml recombinant syntaxin 13 ( Figure 1A , third lane). Similarly, a syntaxin 13-specific band could be blocked with recombinant syntaxin 13 but not syntaxin 7. From these results we conclude that anti-syntaxin 7 and anti-syntaxin 13 antibodies are specific for their corresponding antigens.
We previously determined the localization of myc-tagged syntaxin 8 transiently expressed in NRK cells (Steegmaier et al., 1998) . To determine the localization of endogenous syntaxin 8, we generated rabbit polyclonal antibodies against the syntaxin 8 H3 domain (aa 141-216). As predicted from the syntaxin 8 sequence, the anti-syntaxin 8 antibody recognized a major single band of 28 kDa on Western blots (Figure 2 ). To analyze the tissue distribution pattern of syntaxin 8, affinity-purified antibodies were used on Western blots of a variety of rat tissues, including brain, heart, kidney, liver, lymphnode, skeletal muscle, spleen, and thymus. . This band represents endogenous syntaxin 7, because it can be blocked with 1 g/ml recombinant syntaxin 7 (syntaxin 7) but not 1 g/ml recombinant syntaxin 13 (syntaxin 13). (B) PNSs from Jurkat, CHO, HepG2, Madin-Darby canine kidney, Cos7, and 293 cell lines were analyzed using the anti-syntaxin 7 antibody. A single major 39-kDa band is detected in every cell line investigated.
In agreement with the Northern blot results (Steegmaier et al., 1998) , syntaxin 8 protein is expressed in all the tissues tested as a major single band (Figure 2A ). An additional band of 19 kDa was also detected in both brain and kidney, probably representing syntaxin 8 degradation product. However, we cannot discount the possibility that this band represents a cross-reacting protein species. In skeletal muscle another immunoreactive species of ϳ43 kDa was detected. This band could represent an alternatively spliced isoform, a post-translational modification, or a distinct crossreactive protein species that is present only in skeletal muscle. Consistent with the tissue distribution data, syntaxin 8 was also detected in all the different cell lines tested ( Figure  2B ), suggesting a ubiquitous membrane trafficking function of syntaxin 8. Interestingly, in NRK and PC12 cell lines syntaxin 8 has a slightly higher apparent molecular mass. This is most likely attributable to species differences, because both of these cell lines are derived from rat tissues.
Syntaxin 7 Subcellular Distribution
To determine whether syntaxin 7 is localized early or late in the endosomal pathway, we compared its immunofluorescence pattern with that of LAMP1, a LE and lysosomal marker, as well as TfR, a marker for EEs and REs. In agreement with a previous report (Wong et al., 1998a) , syntaxin 7 showed little colocalization with LE and lysosomal markers and a substantial, but not complete, overlap with TfR (Figure 3, A-F) . Interestingly, syntaxin 13, a SNARE involved in trafficking via REs, also exhibits a very similar subcellular distribution . Because of the amino acid similarity of syntaxin 7 and 13, both these proteins might be expected to function in a similar pathway. Syntaxin 13 resides mostly in tubulovesicular REs and tubular extensions of EEs where it colocalizes with TfR . To more fully understand the localization of syntaxin 7 we stained NRK and Cos7 cells with anti-syntaxin 7 antibodies and compared its localization with that of syntaxin 13. Because the antibodies against syntaxin 7 and syntaxin 13 were both raised in rabbit, we could not use them for costaining in the same cell. Instead we used Cos7 cells transiently transfected with a GFP-tagged version of syntaxin 13 ( Figure 4B ). Syntaxin 13-GFP has previously been reported to localize and behave as endogenous syntaxin 13 (Chao et al., 1999; Prekeris, Foletti, and Scheller, unpublished data) ; thus it could be used to determine its colocalization with syntaxin 7. Also, although syntaxin 7 to a large extent colocalized with syntaxin 13, there were some apparent differences in the cell periphery (Figure 4 , A-C). Although syntaxin 13 exhibited a predominantly perinuclear staining, characteristic of REs ( Figure 4B ), syntaxin 7 was much more widely scattered throughout the cell, with the organelles in the periphery largely lacking syntaxin 13 (Figure 4 , A-C). To confirm that these differences in localization of syntaxin 7 and syntaxin 13 were not due to the overexpression of syntaxin 13-GFP, we used anti-syntaxin 13 antibodies to stain NRK cells transiently transfected with syntaxin 7-GFP fusion protein. As in the case of syntaxin 13-GFP fusion protein (Chao et al., 1999) , a GFP tag was attached to the C terminus of syntaxin 7. Unpublished data from our laboratory show that syntaxin 7-GFP fusion protein was efficiently inserted into the membranes and exhibited subcellular localization indistinguishable from the endogenous syntaxin 7. Moreover, syntaxin 7-GFP fusion protein also responded to brefeldin A (BFA) and nocodazole treatment in the manner similar to the endogenous syntaxin 7, suggesting that syntaxin 7 fusion protein correctly localizes in NRK and Cos7 cells. Once again, endogenous syntaxin 13 and syntaxin 7-GFP showed only a partial overlap (Figure 4, D-F) . These data suggest that syntaxin 7 and 13 are involved in a different trafficking step through the same or closely related organelles.
The dynamics of membrane proteins in the presence of BFA and nocodazole can reveal features of their native localization and trafficking patterns. BFA causes a block in endoplasmic reticulum (ER) to Golgi trafficking as well as tubulation of TGN and endosomal membranes (Robinson and Kreis, 1992) . Eventually, the TGN and endosomes collapse into a continuous network, which accumulates around the microtubule-organizing center (Lippincott-Schwartz et al., 1991) . The microtubule-depolymerizing agent nocodazole, on the other hand, blocks the protein exit from EEs as well as inhibiting protein trafficking to lysosomes (Yamashiro et al., 1984) . Thus, we used BFA and nocodazole to further understand the extent of syntaxin 7 and 13 overlap. As previously reported Wong et al., 1998a) , treatment of the NRK cells with BFA or nocodazole resulted in tubulation and accumulation of syntaxin 7-and 13-labeled membranes in large vesicular structures, respectively (Figure 4 , G-L). Note that after BFA and nocodazole treatment syntaxin 7 still colocalizes with syntaxin 13 to a great extent (Figure 4 , G-L). Thus, although the function of syntaxin 7 still remains to be determined, its subcellular localization suggests that both syntaxin 7 and 13 might function in the same pathway, perhaps in a sequential manner.
Subcellular Distribution of Syntaxin 8
To ascertain the localization of endogenous syntaxin 8 protein, we performed immunofluorescence studies on various cell lines with the antibody characterized in Figure 2 . It has been previously reported that epitope-tagged transiently transfected syntaxin 8 is localized in the ER of NRK cells (Steegmaier et al., 1998) . Unexpectedly, in Cos7 cells endogenous syntaxin 8 seemed to be distributed in a punctate pattern (Figure 3 , H and K) more similar to post-Golgi staining rather then ER staining. A similar staining pattern was also observed in NIH3T3 and HeLa cells. To gain further insight into the intracellular localization of endogenous syntaxin 8, we compared its immunostaining pattern with those of well-characterized markers of the endosomal, and lysosomal compartments. Syntaxin 8 showed a partial colocalization with TfR (Figure 3 , G-I) and LAMP 1 (Figure 3 , J-L), EE/RE and LE/lysosomal markers. In addition, unpublished data from our laboratory show that syntaxin 8 also partially overlaps with syntaxin 6, a known TGN protein. These data suggest that syntaxin 8 resides in TGN, EE, and LE compartments. It is unclear why epitope-tagged transfected syntaxin 8 is localized differently from the endogenous protein, particularly because localization of the vast majority of transfected SNARE proteins closely matches the localization of their endogenous counterparts.
In contrast to syntaxin 7, BFA treatment did not affect the distribution of syntaxin 8 (Figure 5 , A and G). Although BFA caused the accumulation of TfR around the microtubuleorganizing center ( Figure 5B ), little or no effect was observed on the distribution of organelles containing syntaxin 8 (FigFigure 6 . Immunogold labeling of syntaxin 7 on ultrathin cryosections of CHO cells. (A) CHO cells were incubated for 60 min at 37°C with BSA-5-nm gold (arrows). Syntaxin 7 is found on a part of an endocytic vesicle (EV) with a dense cytosolic coat. (B) Syntaxin 7 is present on an EE vacuole, with TfR (15 nm gold) in the EE-associated tubulovesicles. (C and D) EEs of CHO cells double immunogold labeled for syntaxin 7 and clathrin (15-nm gold). C and D show two examples from the same grid. Dense cytosolic areas of EE vacuoles stain positive for syntaxin 7. In approximately two-thirds of the EEs (see Table 1 ) this coat also stains for clathrin. P, PM. Bars, 200 nm.
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Syntaxin 7 Is Localized to Endocytic Vesicles and the Vacuolar EE
The subcellular distribution of syntaxin 7 was analyzed in more detail by immunogold labeling of ultrathin cryosections and electron microscopy. The highest labeling density was obtained in CHO cells (Figure 6 , A-D), which were therefore chosen for quantitative analysis (Table 1 ), but essentially similar labeling patterns were observed in PC12, Madin-Darby canine kidney, and HepG2 cells. The majority of syntaxin 7 labeling was found in endocytic vesicles and EEs ( Figure 6 and Table 1 ). In EEs, syntaxin 7 was mostly restricted to the EE vacuole, in contrast to TfR, which prevailed in EE-associated tubulovesicles ( Figure 6B ). Remarkably, syntaxin 7 label in endocytic vesicles and EEs often occurred on those parts of a membrane that showed an electron-dense coat at the cytoplasmic side (Figure 6, C and D) . This accumulation of syntaxin 7 in coated membranes was specific for endocytic vesicles and EEs and not observed at the PM. To investigate the nature of this coat, cells were double labeled for syntaxin 7 and clathrin. As shown in Figure 6D , syntaxin 7 colocalized with clathrin in coated areas of EE membranes. However, clathrin was not always detected in these coats ( Figure 6C ). Quantitative analysis showed that practically all EE-and endocytic vesicle-associated syntaxin 7 was found in coated membranes, 50 -75% of which were also labeled for clathrin (Table 1) .
Additional low, but significant, labeling was also found on the PM and in clathrin-coated and noncoated tubulovesicles (Table 1) . The latter two types of vesicles are most likely transport intermediates involved in shuttling syntaxin 7 between EEs and the PM.
Syntaxin 8 Is Localized to Noncoated Golgi-and Endosome-associated Vesicles and Endosomes
The subcellular localization of syntaxin 8 was studied in PC12 and Cos7 cells. Both cells exhibited a low but essentially similar labeling (Figure 7) . Unlike syntaxin 7, syntaxin 8 was not confined to a specific compartment. Labeling was found on TGN membranes, endosomes, and numerous tubulovesicles dispersed throughout the cytoplasm or in close vicinity to endosomes. Notably, most syntaxin 8-positive membranes lacked a clathrin coat ( Figure 7 and Table 2 ), indicating that syntaxin 8 travels to endosomes via a nonclathrin-mediated pathway. This notion was reinforced by the absence of syntaxin 8 from secretory granules of PC12 cells (Table 2 ) and consistent with the apparent lack of BFA effect on syntaxin 8 distribution ( Figure 5 ).
Syntaxin 8 was found in both early and late endocytic compartments (Figure 7) . Quantitation of this distribution in PC12 cells revealed approximately similar percentages of syntaxin 8 in EEs, LEs, and lysosomes (Table 2 ). In EEs and LEs, syntaxin 8 distributed approximately equally over vacuole and associated tubulovesicles. Approximately 20% of the labeling in PC12 cells was found on noncoated tubulovesicles with an appearance similar to those found in TGN and near endosomes. Possibly, these vesicles are involved in TGN-endosome or intraendosome trafficking.
Syntaxin 7 Actively Cycles through the PM
Immunolocalization data suggest that syntaxin 7 is a SNARE involved in protein trafficking through the vacuolar EEs. One of the possible syntaxin 7 functions is mediating endocytic vesicle fusion with EEs. Alternatively, syntaxin 7 might be involved in transporting membrane proteins back to the PM from EE vacuoles. The "fast" protein recycling from EEs, bypassing the REs, has been recently reported and seems to involve a separate trafficking pathway, because it has different kinetic properties compared with "slow" protein recycling (Schmid, 1988; Sheff et al., 1999) . To test these possibilities we used an antibody uptake assay to determine whether syntaxin 7 is actively cycling to the PM. Because most syntaxins do not contain a large enough luminal domain for antibody uptake assays, we used cells transiently transfected with syntaxin 7-GFP, rbet1-GFP, or syntaxin 13-GFP fusion proteins. Upon insertion of syntaxin-GFP constructs into the membrane, GFP is situated within the lumen of the appropriate organelle (Chao et al., 1999) . Thus, after exocytosis the GFP would be exposed on the surface for the interactions with anti-GFP antibody in the media. Incubation of syntaxin 7-GFP-expressing NRK cells with anti-GFP antibody resulted in efficient labeling of cells, indicating that syntaxin 7 does cycle through the cell surface (Figure 8 , J, L, and M). The antibody uptake was dependent on protein cycling through the PM, because cells expressing rbet1-GFP, a known ER-to-Golgi SNARE, did not uptake the anti-GFP Ultrathin cryosections of CHO cells were double immunogold labeled for syntaxin 7 and clathrin. Quantitations were performed in three counting sessions, and for each counting session the percentage of total gold particles found over a specific compartment was calculated. The numbers in the first column represent the means of these three sessions Ϯ SD. 
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Vol. 10, November 1999antibody ( Figure 8 , B and D). Because the uptake assay was done in the presence of protein synthesis inhibitor cycloheximide, we could exclude the possibility of the antibody uptake during the delivery of newly synthesized syntaxin 7 to the PM for the further sorting. To determine the rates of syntaxin 7 cycling we incubated cells transfected with syntaxin 7-GFP for varying periods with anti-GFP antibody ( Figure 8M ). The antibody uptake assay confirms that syntaxin 7 cycles through the PM with the t 1/2 of ϳ140 min ( Figure 8M ). Note, however, that the rate of syntaxin 7 cycling measured in this assay is probably somewhat underestimated, because the overall antibody uptake is a combination of the rates of syntaxin 7 recycling and antibody binding. Indeed, the anti-GFP antibody binding t 1/2 was equal to ϳ20 min at 37°C (see MATERIALS AND METH-ODS). Nevertheless, even taking antibody binding rates into account, syntaxin 7 cycling through the PM is much slower than would be expected for a protein involved in fast recycling from the EE, because these half-lives are estimated to be only 5 min. We suggest that syntaxin 7 most likely cycles through the PM via REs rather than the fast recycling pathway. Indeed, although syntaxin 7 is enriched in vacuolar EEs and endocytic organelles, ϳ11% is present in tubulovesicular REs. Thus, it is tempting to speculate that upon maturation of EEs to LEs, syntaxin 7 is removed from endosomal membranes and recycled back to EEs via PM.
Syntaxins 7 and 8 Form Stable and NSF/␣-SNAPsensitive Protein Complexes
The association of syntaxin and VAMP is believed to be the vital step in mediating membrane fusion. Indeed, most syntaxin-VAMP complexes display very high stability, a property that presumably reflects the ability of complex formation to overcome the membrane-membrane repulsion during fusion (Fasshauer et al., 1999; Yang et al., 1999) . To determine whether syntaxin 7 and syntaxin 8 are also part of membrane fusion complexes, we examined the distribution of both proteins using sedimentation velocity gradients. As shown in Figure 9A , after fractionation of HeLa or CHO cell Triton X-100 extracts on 11-34% glycerol gradients, both Ultrathin cryosections of PC12 cells were immunogold labeled for syntaxin 8, swine anti-rabbit, and protein A-gold. Quantitations were performed in four counting sessions, and of each counting session the percentage of total gold particles found over specific compartment was calculated. The numbers in the first column represent the means of these four sessions Ϯ SD. TGN was defined as tubulovesicular membranes at the trans side of the Golgi stack. . Twenty-four hours after transfection cells were incubated for 0 min (A, B, E, F, I, and J) or 100 min (C, D, G, H, K, and L) with 5 g/ml anti-GFP rabbit polyclonal antibody, followed by fixing and staining them with anti-rabbit IgG conjugated with TxR. TxR (B, F, J, D, H, and L) or GFP (A, C, E, G, I, and K) fluorescence was then visualized using confocal microscopy. (M) To obtain the rates of recycling, the NRK cells expressing syntaxin 7-GFP were incubated with anti-GFP antibodies for varying periods. To normalize for the differences in recombinant protein expression, TxR fluorescence was divided by GFP fluorescence values for every individual cell. Each time point represents the mean of at least eight randomly chosen cells.
syntaxin 7 and 8 peak at fraction 4, corresponding to an ϳ67-kDa complex. Part of syntaxin 7 and syntaxin 8 also appears to be in lower-molecular-mass fractions, perhaps corresponding to the monomeric species. Similar results were obtained by separating Triton X-100 extracts on 23-49% glycerol gradients ( Figure 9 , B and C, top panels). The fusion core complex consisting of syntaxin, VAMP, and SNAP-25 interacts with NSF and ␣-SNAP proteins to form a larger complex, which is dissociated by the NSF ATPase upon ATP hydrolysis (Sollner et al., 1993a) . To test whether syntaxin 7 and syntaxin 8 protein complexes are also regulated by NSF, we preincubated Triton X-100 extracts with NSF and ␣-SNAP in the presence of Mg-ATP or ATP␥S before separating them on 23-49% glycerol gradients. In the presence of ATP␥S a portion of syntaxin 7 and 8 was shifted to fractions 6 -8 and 9 -11, respectively ( Figure 9 , B and C, middle panels), consistent with the formation of new complex, which now includes NSF and ␣-SNAP. As expected, a corresponding reduction in the level of syntaxin 7 and 8 in the region of the 67-kDa complex is noted. Moreover, incubation of Triton X-100 extracts with NSF and ␣-SNAP under conditions favoring ATP hydrolysis resulted in the accumulation of syntaxin 7 and syntaxin 8 in the slowly sedimenting fractions (Figure 9 , B and C, bottom panels).
Syntaxin 8 Functions Early in Protein Trafficking from EEs to LEs
To investigate the role of syntaxin 7 and syntaxin 8 in endosomal recycling and lysosomal degradation, we reconstituted these processes in SLO-permeabilized HeLa cells . The cellular processes required for Tf and EGF trafficking are retained even after cells are permeabilized with SLO. The time course and extent of cytosoldependent Tf recycling and EGF degradation in SLO-permeabilized cells closely resemble those of intact cells Advani et al., 1999) . Moreover, Tf and EGF trafficking in permeabilized cells is N-ethylmaleimide sensitive and ATP dependent indicating that this experimental system can be used to address the role of different SNAREs in endosomal trafficking.
To accumulate 125 I-Tf and 125 I-EGF in EEs, we loaded HeLa cells at 18°C for 1 h. Under these loading conditions most extracellular tracers accumulate in vacuolar EEs, because 18°C incubation blocks the exit from EEs (Futter et al., 1996) . To initiate 125 I-Tf and 125 I-EGF exit from EEs, cytosol was added, and SLO-permeabilized cells were incubated at 37°C. We then used anti-syntaxin 7 and anti-syntaxin 8 antibodies to investigate the role of these proteins in endosomal trafficking. Consistent with the putative role of syntaxin 7 in PM-to-EE trafficking, anti-syntaxin 7 antibodies had no effect on either Tf or EGF trafficking (Figure 10, A and B) . Indeed, the SLO-permeabilized assay can only measure protein trafficking from EEs, because the uptake of PM-bound tracers is very rapid. Nevertheless, we cannot exclude the possibility that anti-syntaxin 7 antibodies are simply not capable of blocking syntaxin 7 function in this type of assay.
In contrast to syntaxin 7, the anti-syntaxin 8 antibody reduced cytosol-dependent EGF degradation ( Figure 10A) . Addition of the anti-syntaxin 8 antibody resulted in up to 55% inhibition of EGF degradation at a concentration of 200 g/ml ( Figure 10C) . The inhibition at 100 g/ml antibody concentration was statistically significant (p ϭ 0.05), concentration dependent, and not observed with IgG or anti-syntaxin 6 and 7 antibodies (Figure 10, A and C) . Furthermore, unpublished data in our laboratory showed that this inhibition could be reversed by preincubating anti-syntaxin 8 antibodies with 150 g/ml recombinant syntaxin 8 but not GST proteins. In addition, anti-syntaxin 8 antibodies had no effect on Tf recycling, indicating that its effect is specific for the lysosomal pathway ( Figure 10B ). We interpret these data as demonstrating that syntaxin 8 is involved in a trafficking step needed for EGF transport from EEs to LEs and lysosomes. Because the lysosomal degradation pathway likely involves many different trafficking steps, it remains unclear which precise step is actually mediated by syntaxin 8. In an attempt to address this issue, we chased 125 I-EGF-loaded HeLa cells at 37°C for different periods before permeabilizing with SLO and adding anti-syntaxin 8 antibodies. Interestingly, a 40-min chase completely eliminated the effect of anti-syntaxin 8 antibodies on EGF degradation ( Figure 10D ). Because EGF is almost completely translocated from EEs to LEs within the first 60 min after release from EEs (Futter et al., 1996) , our data suggest that syntaxin 8 is probably involved in EGF trafficking from EEs to LEs rather than from LEs to lysosomes.
DISCUSSION
Although the pathways of endosomal recycling and degradation have been extensively characterized, the identity and function of the molecules that mediate this trafficking are only just beginning to be understood. This is partly because Figure 10 . Syntaxin 8 functions in an early step of protein transport from EEs to LEs. Tf and EGF trafficking was measured using an SLO-permeabilized HeLa cell assay as described in MATERIALS AND METHODS. EGF (A) or Tf (B)-loaded and SLO-permeabilized cells were incubated without (CϪ) or with (remaining samples) cytosol for 2 h at 37°C with 100 g/ml anti-syntaxin 6 (anti-Syn6), anti-syntaxin 8 (anti-Syn8), anti-syntaxin 7 (anti-Syn7), or rabbit IgG (IgG). The data shown are the means of at least three independent experiments Ϯ SEM An asterisk marks the statistically significant difference at p Ͻ 0.05. (C) SLO-permeabilized HeLa cells were preincubated with varying concentrations of anti-syntaxin 8 antibody before measuring the EGF degradation. Data are expressed as a percentage of total cytosoldependent EGF degradation. (D) EGF-loaded HeLa cells were chased for varying amounts of time at 37°C followed by SLO permeabilization. Cells were then preincubated with 100 g/ml anti-syntaxin 8 antibody and EGF degradation measured as described above. These data are expressed as a percentage of total cytosol-dependent EGF degradation. the endocytic organelles are highly dynamic, and their structure is continuously remodeled, making it difficult to appreciate their three-dimensional organization. Furthermore, the dynamic nature of the compartments makes it difficult to define the boundaries between them. The characterization of several endosomal SNAREs (Advani et al., 1998; Steegmaier et al., 1998; Wong et al., 1998a,b; Advani et al., 1999) , including syntaxin 7 and syntaxin 8 presented in this work, now allows us to begin to understand the molecular mechanisms involved in the regulation of endocytic trafficking.
Proteins of the VAMP, syntaxin, and SNAP-25 families mediate membrane fusion by pairing across opposite membranes (Hanson et al., 1997; Lin and Scheller, 1997) . Many membrane trafficking pathways have been conserved throughout evolution because highly conserved sets of SNAREs are found to localize similarly in the plant and animal kingdoms. Indeed, several mammalian SNAREs, such as syntaxin 5, sec22b, and syntaxin 13, were identified based on their homology to known yeast proteins and appear to mediate similar membrane trafficking steps (Hay et al., 1996; . From this work we propose that, based on sequence similarity, endosomal syntaxins fall into two sets of SNAREs, which are involved in separate pathways of endosomal trafficking.
The first group consists of three mammalian syntaxins: syntaxin 7, syntaxin 13, and syntaxin 16, which form a subfamily based on sequence homology (Steegmaier et al., 1998) . All these syntaxins were identified based on their homology to Pep12p, a SNARE that is involved in yeast prevacuolar trafficking (Becherer et al., 1996) . Although the function of syntaxin 16 remains to be determined, syntaxin 13 appears to mediate trafficking from EEs to REs . In contrast, syntaxin 7 is proposed to act earlier in endosomal trafficking (Figure 11 ). Our biochemical and immunolocalization data suggest that cargo retrieved from the PM may require syntaxin 7 for transfer to the vacuolar EE. Although we cannot completely discount the possibility that syntaxin 7 mediates fast trafficking from vacuolar EEs to the PM, our data are less consistent with this hypothesis. The direct transport from vacuolar EEs to the PM is characterized by a fast cycling rate of Ͻ15 min (Sheff et al., 1999) . Our antibody uptake studies suggest that syntaxin 7 cycles through the PM at a much slower rate, probably because of the recycling of syntaxin 7 molecules through REs. Interestingly, syntaxin 7 is also present in endocytic vesicles. The electron microscopic work presented here defines endocytic vesicles as rounded organelles that can be loaded with BSAgold and lack emerging tubules or internal vesicles. It is appealing to speculate that syntaxin 7 might also be involved in homotypic endosome-endosome fusion during the formation of EEs.
It remains unclear which VAMP interacts with syntaxin 7 to mediate PM-to-EE transport. The ability of syntaxins to bind multiple VAMPs resulting in complexes with similar stability ) may make it difficult in this case to identify syntaxin binding partners by coprecipitation. Indeed, Western blot analysis of syntaxin 7 immunoprecipitates revealed the presence of several VAMPs, perhaps because of their binding to syntaxin 7 after Triton X-100 extraction. Based on subcellular localization studies, VAMP5 is a candidate for the physiological binding partner for syntaxin 7. VAMP5 is the only endosomal VAMP that is abundant at the PM and also seems to be present in EEs and endocytic vesicles (Zeng et al., 1998) . One of the most fascinating aspects of syntaxin 7 and syntaxin 13 localization is that both proteins are present in the same organelle, yet they are segregated in either vacuolar or tubular parts of EE (Figure 11 ). Although the mechanisms of syntaxin localization remain to be determined, the segregation of syntaxin 7 and syntaxin 13 at the organelle level almost certainly involves an active sorting event. Perhaps syntaxin 13 is recruited to EE tubules through an interaction with coat proteins. Consistent with this proposal, syntaxin 13 has been shown to be enriched in clathrin-coated membranes . Generation of tubules from EEs seems to involve membrane coats; thus it will be interesting to see whether syntaxin 13 does preferentially interact with some types of coat proteins. An alternative hypothesis is that syntaxin 13 simply follows other membrane proteins into tubular extensions because of the differences in surfaceto-volume ratio compared with vacuolar parts of EEs. Thus, to remain in vacuolar EEs, syntaxin 7 would need a retention mechanism that would restrict its movement into EE tubules. Interestingly, the majority of syntaxin 7 is present in stretches of EE vacuole membrane that have a dense cytosolic coating. Although these coated areas always stained positive for syntaxin 7, they showed a more occasional staining for clathrin. The protein composition of this coat remains to be determined. These observations raise the possibility that a non-clathrin coat is involved in retention of membrane proteins in vacuolar endosomes preventing their entry and recycling through REs.
The second group of endosomal syntaxins contains only two known members: syntaxin 6 and syntaxin 8 . Based on sequence homology and localization, syntaxin 6 may be the homologue of yeast Tlg1p, which mediates transport from the TGN to endosomes Holthuis et al., 1998a,b; Klumperman et al., 1998) . In this paper we demonstrate that syntaxin 8 may also play a role in membrane trafficking from EEs to LEs. Immunolocalization studies demonstrate that syntaxin 8 is present in EEs, LEs, and tubulovesicles near the Golgi and endosomes and in cytoplasm. These tubulovesicles are distinct from REs, because our immunofluorescence microscopy data show that they do not contain TfR and are not sensitive to BFA treatment. Similar BFA-insensitive compartments have also been reported to contain VAMP7, an endosomal SNARE also involved in EGFR trafficking to lysosomes . It is tempting to speculate that syntaxin 8/VAMP7-containing non-clathrin-coated tubulovesicles represent a route in parallel to clathrin coat-dependent TGN-to-endosome membrane trafficking (Figure 11 ). Indeed, the enrichment of syntaxin 6/VAMP4 in clathrincoated TGN membranes would support the possibility of two independent syntaxin 6/VAMP4-and syntaxin 8/VAMP7-mediated TGN-to-endosome trafficking pathways. Alternatively, syntaxin 8-containing tubulovesicles might be transit organelles used to actively sort and transport membrane proteins, including EGFR, from EEs to LEs. The majority of lysosomal proteins appear to be sorted for lysosomal degradation by removal from the outer membrane of multivesicular bodies to intraluminal vesicles. Nevertheless, some EGF-EGFR complexes do appear to enter tubulovesicular endosomes, from which they can be recycled back to the PM. This possibility is also supported by the dependency of efficient EGF-EGFR recycling on adaptor protein (AP-1, AP-2, and AP-3)-interacting sorting signals, because the deletion of these signals results in increased recycling of EGFR-EGF complexes back to the PM (Kornilova et al., 1996; Kil et al., 1999) . Thus, perhaps a syntaxin 8-dependent mechanism might also be involved in the retrieval of EGF-EGFR complexes from the tubular REs back to the LE (Figure 11) .
A role of syntaxin 8 in trafficking from EEs to LEs is supported by the effect of anti-syntaxin 8 antibody on EGFR trafficking in SLO-permeabilized HeLa cells. In agreement with the immunolocalization data, the anti-syntaxin 8 antibody diminished the early steps of EGFR transport from EEs. Note, however, that we never achieved Ͼ55% inhibition of EGFR degradation. The partial inhibition may indicate that at steady state syntaxin 8 is in complexes that are not accessible to the antibodies. The antibodies used for the EGFR trafficking assay have been raised against the H3 domain of syntaxin 8. Although this domain is critical for the syntaxin 8 function, the high stability of SNARE complexes might make it difficult for the antibody to compete with syntaxin 8 binding partners during the formation of a fusion complex. Alternatively, it is possible that the trafficking of EGFR is not synchronized in our system, and therefore some EGFR may have already reached the LE at the time we added the blocking antibody. Indeed, although the 18°C block does accumulate EGF in EEs, the block is not complete; thus it is likely that some of the endocytosed EGF had already traveled to the lysosomes by the time the antisyntaxin 8 antibody was added to the permeabilized cells.
The ever-increasing understanding of the function of endosomal SNAREs is now allowing us to more fully define the different pathways of endosomal and lysosomal trafficking. Nevertheless, although we have begun to unravel the SNARE-dependent protein sorting and trafficking pathways, further investigation will be needed to fully understand the complexity of membrane trafficking and fusion pathways. In particular, little is known about the mechanism of SNARE localization or how a particular SNARE is matched to specific cargo. Furthermore, the specificity of vesicular trafficking is likely to emerge from a series of events that are mechanistically not yet clearly understood.
